© 2015 American Vacuum Society. This paper was published in Biointerphases and is made available with permission of American Vacuum Society. The published version is available at: [http://dx.doi.org/10.1116/1.4916624]. One print or electronic copy may be made for personal use only. Systematic or multiple reproduction, distribution to multiple locations via electronic or other means, duplication of any material in this paper for a fee or for commercial purposes, or modification of the content of the paper is prohibited and is subject to penalties under law. In our previous report, the authors have demonstrated that direct laser machined microchannels would trigger upregulation of myogenic markers in human mesenchymal stem cells (hMSCs) through promotion of cell elongation. However, the molecular basis signaling pathways behind this observation remains unclear. In this work, three types of microchannels generated by femtosecond laser were utilized to investigate possible mechanisms behind the induction of hMSCs myogenesis by microchannels. The authors hypothesized that small G-proteins RhoA and Rac1 play a vital role on myogenesis of hMSCs through regulating cytoskeleton rearrangement, via cell tension signaling cascades. The RhoA and Rac1 activities were evaluated for cells cultured on the micropatterned substrates, using a flat unpatterned substrate as control. It was found that significant activation of RhoA GTPase was exhibited for cells cultured on narrow microchannels (20-20-20 and 30-30-20) , while no obvious differences were obtained on wide ones (80-30-20) . Meanwhile, no significant difference was found for Rac1 activities on all tested groups. To further deduce the role of RhoA signaling pathway in microchannel directed stem cell myogenesis, the effectors of Rho, Rho kinase (ROCK) was chosen to explore how cell shape regulate myogenesis of hMSCs cultured on laser micropatterned substrate. A pharmacological ROCK inhibitor, Y-27632, was used to treat the cells and the effect on RhoA activation was investigated. Our data on the role of RhoA/ROCK in regulating cell myogenic differentiation on lasered microchannels substrates may provide a mechanistic insight on hMSCs fate directed by substrate topography. 
I. INTRODUCTION
It has been shown that the unspecialized precursor stem cells are attracting more and more attention due to their multipotent properties and potential application in tissue engineering. 1 Bone-marrow derived adult human mesenchymal stem cells (hMSCs), which is currently one of the most studied stem cell types, have been proven capable of selfrenewal and differentiation into a wide variety of lineages in response to proper induction cues. [2] [3] [4] The cues include soluble/immobilized factors, chemical and physical signals from the extracellular matrix. 5 Increasing evidence has shown that the diverse physical environment factors can also control the stem cell activities, 6 and meanwhile can avoid the side effects associated with biological or chemical additions. Our previous studies demonstrated that topography has great potential in regulating cell behavior in the absence of any biological or chemical induction factors.
7-10 Different techniques have been utilized to create different kinds of topographies wherein cells were cultured. Extensive studies have been carried out on using femtosecond laser induced highly uniform microchannels directly on the selected biodegradable polymer, poly(L-lactide-co-e-caprolactone) (PLC) substrate, for cell growth. 7, 8, 11 The channel dimensions were optimized to cause the cells to align, elongate and consequently induce myogenic differentiation in the absence of any induction medium. Other cellular behaviors such as proliferation and cellular organization were also investigated. However, the molecular mechanism of this microtopography induced stem cell myogenic differentiation has not been well documented yet.
Rho family GTPases are important regulators for many features of cellular activities, 12 such as cell adhesion, cell polarity, endocytosis, vesicle trafficking, cell differentiation, a) Authors to whom correspondence should be addressed; electronic addresses: liqiong29@gmail.com; lptan@ntu.edu.sg and gene transcription. 13 RhoA and Rac1 are two widely studied proteins in Rho family GTPases. The RhoA mainly contributes to contractility formation of stress fibers and focal adhesions. Rac1 was first described to stimulate the formation of lamellipodia and membrane ruffles. It has been demonstrated that RhoA and Rac1 GTPases were two of the most vital molecular signals, which would make signals transductions from extracellular to nuclear, and then influence stem cell differentiation.
14 Rac1 is a small G-protein in the Rho family that drives polymerization of actin and formation of lamellipodia. 15 It is activated by guanine nucleotide exchange factors and repressed by GTPase-activating proteins. Activation of Rho is required for the formation of stress fibers, through one of its downstream effector, Rho kinase (ROCK), to phosphorylate myosin light chain kinase, then activate myosin driven cell contractility. ROCK was discovered as the first effectors of Rho, and it is one the major regulator of cytoskeleton to induce the formation of stress fibers and focal adhesions by phosphorylating myosin light chain. 16 Established work were done to show myosin contractility resulted tension drives the formation of stress fibers. 15 Recent studies have led to interesting conclusion that the Rho GTPases especially the RhoA is a key molecular regulator in hMSCs differentiation induced by both mechanical (cell spreading, intracellular tension) and soluble (insulin/IGF1) factors. 14, 17 For example, MSCs with an undifferentiated state need high RhoA activity to maintain, while down-regulation of RhoA lead to myogenesis. 18 Some reports had already characterized the functionality of Rho family proteins in cell myogenesis. [19] [20] [21] However, much is unknown, on the function of Rac1 in this process. 19 One report from Chen demonstrated that activation of Rac1 inhibited chondrogenesis but was needed for smooth muscle cell differentiation. 22 While other researchers have reported that Rac1 activation played an important role in myogenesis inhibition where activated Rac1 suppressed the activity of MyoD in promoting muscle differentiation. 23, 24 One interesting study had shown Rac1 played a dual role in stem cell cardiac lineage differentiation. 25 At early stages, Rac GTPase inhibited cardiomyocytes differentiation, and then promoted cardiomyocytes proliferation and myofibrillogenesis. It would be very interesting to understand the crucial complex cross-talk between RhoA and Rac1 during stem cell differentiation. 26 In our previous work, we had already demonstrated that myogenesis is favorable for hMSCs cultured on laser machined narrower microchannels with groove and pitch widths of 30 lm. 7 The narrow microchannel-induced cell elongation would generate higher intracellular tension than the wider one, which could play a critical role in stem cell myogenesis. 27, 28 In this study, three types of microchannels (20-20-20, 30-30-20, and 80-30-20) were fabricated and then utilized to modulate stem cell differentiation. This topography driven molecular mechanism was elucidated specifically on the chosen RhoA/Rac1 signaling pathway in this study.
II. EXPERIMENT
A. Preparation of film substrate PLC film was fabricated by the solvent casting method. The block copolymer PLC (70:30), comprised of 70% L-lactide and 30% e-caprolactone (Purac Biomaterials, Lincolnshire, IL), was used in this study. The copolymer PLC granules were dissolved in dichloromethane (Tedia, Fairfield, OH) in 1:5 mass/volume ratio to achieve an optimal viscosity that is suitable for solvent casting process. The films were cast using an industrial film applicator (Paul N. Gardner Company, Inc., Sheen automatic film applicator, FL, USA). The polymer films were dried in a 37 C vacuum oven for 7 days. The thickness of the dry cast films were approximately 100 lm.
B. Femtosecond laser machining on film substrate
Scheme 1 shows the scaffold design on a 100-lm-thick polymer film. The scaffolds were fabricated using direct femtosecond laser machining as mentioned previously.
7,8 SCHEME 1. Design of laser machined scaffolds with three kinds of microchannels.
In brief, the microchannels were machined onto a 10 mmÂ 10 mm polymer film. Three feature sizes with a targeted channel width W i of 80, 30, or 20 lm were produced. The length of each channel is 8 mm. The femtosecond laser scanning speed was 10 mmÁs
À1
. The channels with 20 and 30 lm widths were created by scanning two passes on the toolpath at the laser power of 50 mW and 100 mW, respectively. The wider channels with 80 lm width only need one pass at the laser power of 450 mW, to get the same depth as that of narrower channel.
C. Cell culture
hMSCs from an 18 years old male donor and cell culture medium were both obtained from Lonza (Cambrex, UK). hMSCs were expanded and cultured in mesenchymal stem cell basal medium according to the vendor's instruction. For the experiments, the cells were cultured with low-glucose Dulbecco's modified Eagle's medium (DMEM) containing L-glutamine (Sigma Aldrich, USA) supplemented with 10% FBS (PAA, Pasching, Austria) and 1% antibiotic/antimycotic solution (PAA, Pasching, Austria), at 37 C in a humidified atmosphere of 5% CO 2 . Culture medium was changed every 2-3 days. PBS and 0.05% trypsin-EDTA obtained from Invitrogen were used for washing and cell detachment purposes, respectively. Scaffolds were sterilized using 70% ethanol for 30 min. Then, scaffolds were washed with deionized water and PBS three times for 15 min each time.
D. Immunocytochemistry and microscopy
Briefly, cells were fixed with 4% paraformaldehyde for 15-20 min and then permeabilized with 0.1% Triton X-100 for 5 min and followed by blocking with 1%-2% bovine serum albumin or 5% goat serum. The primary antibodies used to target interested proteins were vinculin, MAP2, MHC, and fibronectin. Secondary antibodies were Alexa Fluor V R 488 goat antimouse, Alexa Fluor V R 568 goat antichicken, and Cy3 goat antirabbit IgG (1:400, Millipore). C2C12 myoblast and neural stem cell were used as positive controls for MHC and MAP2, respectively. Negative controls in the absence of primary antibodies were also performed. Filamentous actin (F-actin) was stained with tetramethyl rhodamine iso-thiocyanate conjugated-phalloidin (1:400, Chemicon), and cell nucleus were counter stained with 4 0 -6-diamidino-2-phenylindole (DAPI) respectively (1:500, Chemicon). Fluorescence images were visualized with a Nikon 80i eclipse (Nikon, Japan) upright microscope and captured with the Nikon DS-Fi1 (Nikon, Japan) using two 20Â and 40Â objective lens. The confocal laser scanning microscope system (Leica TCS SP5) was also used to capture 3D images using a 40Â objective lens (oil).
E. G-LISA kit
The RhoA and Rac1 activity was checked by RhoA and Rac1 G-LISA specific Activation Assay (luminescence, Cat. BK121 and BK126, Cytoskeleton, Inc.) according to the vendor's instructions as reported in the literatures. 29, 30 The signals were read by measuring absorbance at 490 nm using a microplate spectrophotometer (Infinite200 V R microplate reader, Tecan Inc., Maennedorf, Switzerland).
To evaluate if RhoA regulates the microchannel induced myogenesis, hMSCs were treated with 10 lM ROCK inhibitor, Y27632 (Millipore, USA). Y27632 was dissolved in dimethyl sulfoxide to make a 10 mM stock solution. 10 mM Y27632 was diluted in DMEM to a final concentration of 10 lM to make the block medium. After 7 days culture of cells on micropatterned scaffolds, the normal DMEM was replaced with block medium and changing of block medium every 24 h.
F. Quantitative real time polymerase chain reaction
Total RNA was extracted with RNeasy mini kit (Qiagen, Valencia, CA). The concentration and quality of the extracted total RNA was determined spectrophotometrically (Nano drop-N100, Thermo Scientific). Subsequently, cDNA was obtained by reverse transcription of total RNA with random hexamers and superscript III reverse transcriptase (Invitrogen). Quantitative real time polymerase chain reaction (qRT-PCR) was performed on a CFX96 real time PCR detection system (Bio-Rad Laboratories, Inc., USA) for 40 cycles. Primers specific to the targeted genes (listed in Table I ) were obtained from primerbank. 31 Relative quantification of gene expression was determined by comparing the target-amplified product against glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and b-actin (both were used as internal standard). The results were analyzed with the relative expression software tool software. 31 
G. Statistical analysis
All data are presented as mean 6 standard deviation. Statistical analysis was carried out using one way ANOVA, and the values are considered significantly different when p < 0.05.
III. RESULTS AND DISCUSSION
A. Direct lasered microchannels on PLC substrates PLC is one of the commonly used biodegradable materials in tissue engineering and regenerative medicine. In our previous studies, it was chosen because of its mechanical property, which is elastic and less rigid as compared to most other aliphatic polyesters. Moreover, it has a relatively mild degradation rate, which avoids an abrupt drop in pH value during degradation, similar to PLA and PGA scaffolds. 32, 33 Femtosecond laser is able to apply highly focused energy for the removal of materials. By changing the laser power, scan speed, and scan pass, the microchannels with three desirable dimensions were machined onto a 10 mmÂ 10 mm PLC film. The channels were fabricated at a predetermined width, depth, as well as interval distance. When the distance between two microchannels is much narrower than the cell width, there is possibility that cells may migrate from one track to another. However, the occurrence is also dependent on the depth (height) of microchannels. Endothelial cells adhered smoothly on surface with 10 lm depth grooves, while fibroblast cells encapsulated in grooves with 10 lm depth. 34 The depth of microchannels was selected as 20 lm as this is sufficiently deep to prevent cells from crossing to another track and thus more pronounced contact guidance could occur. 35 The microchannel 30-30-20 (channel/interval ratio ¼ 1) was selected because those channels and intervals are similar to cell width, whereby cells can elongate efficiently. The microchannel 80-30-20 was selected because it has higher channel/interval ratio than 30-30-20. The microchannel 20-20-20 was selected to study if channels and intervals with narrower width have more significant effect on stem cell behavior. As can be seen in Fig. 1 , uniform microchannel topography with lined structure was achieved on the PLC film surface through femtosecond laser machining.
B. Micropatterned substrates induce stem cell myogenic differentiation
Our previous report had already presented that laser cut microchannel 30-30-20 on the polymeric PLC substrate would promote stem cell lineage differentiation toward myogenesis. 7 The mRNA expression level of myogenic markers (cTnI, GATA4, MHC7, MyoD1, and Nkx2.5) were significantly upregulated for cells cultured on laser micropatterned 30-30-20 substrates for all 7, 11, and 14 days of cell culture. However, only transient expression of myogenic markers was detected for cells on laser micropatterned 80-30-20 substrates on the time-point of Day 11. Immunostaining for lineage-specific myocardial marker beta-MHC was performed to confirm that those special 30-30-20 microchannels steer plated hMSCs into myogenic lineage. In this study, direct laser machining of even narrower 20 lm width microchannels on PLC substrates were applied to influence stem cell differentiation which could further prove that narrower microchannels (30-30-20 and 20-20-20) with smaller radii of curvature would direct stem cell myogenic differentiation. As shown in Fig. 2(a) , MHC staining on the laser patterned scaffolds with microchannels was detected on narrower microchannels (30-30-20 and 20-20-20) , while no positive staining of MHC was observed on micropatterned 80-30-20 substrates.
C. RhoA and Rac1 GTPases activation on laser micropatterned substrates
A mechanistic study is performed here to elucidate the potential molecular basis of microchannels modulated stem cell differentiation through the elongation of cell shape. It has been demonstrated that Rho family of small GTPases (including three mainly studied proteins, RhoA, Rac1, and CDC 42) can regulate cell shape through cytoskeleton reorganizations. 13 They act as transducers which are responsive for translating extracellular signals to cell movement and spatial dynamics of cytoskeleton. 36 One interesting report presented RhoA activity mediated cell-shape dependent modulation of hMSCs differentiation toward osteoblast or adipocytes, through the cell shape regulation by restricting adhesive areas.
14 More recent evidence show that small Rho family GTPases monitor corneal epithelial cell alignment on substrate with anisotropic nanotopographies. 37 However, the role of Rho family GTPases in modulation of hMSCs contact guidance, shape elongation, and lineage commitment on laser micropatterned surface still remain to be explored.
G-LISA assay was applied to investigate the involvement of RhoA or Rac1 GTPases activation in our micropatterned induced hMSCs myogenic differentiation The G-LISA assay results in Fig. 3 showed that there is a significant increase of RhoA GTPases in hMSCs on scaffolds with narrow microchannels (20-20-20 and 30-30-20) compared with that on scaffolds with wide microchannels (80-30-20) after 7, 11, and 14 days of cell culture. There was a gradual increase of RhoA GTPase activity in cells on 20-20-20 and 30-30-20 and with the culture time, from 28% at day 7 to 42% at day 11 and 51% at day 14, respectively. However, no significant differences in the activation of RhoA GTPase were exhibited for hMSCs on wide microchannels (80- .
As for Rac1, there was no obvious difference in the activities presented in hMSCs on all three micropatterned groups, comparing with that of unpatterned control group. Based on the results showed previously, 7 and G-LISA assay results here, activation of RhoA, but not Rac1, might be involved in the myogenic differentiation of hMSCs on laser machined substrate.
D. Role of RhoA/ROCK on topography induced stem cell differentiation
As mentioned previously, the small G-protein Rho leads to the reorganization of actin filaments as well as assembly of contractile stress fiber formations, which subsequently influence stem cell differentiation. Myogenic differentiation is associated with induction of a group of muscle-specific genes, many of which encrypt cytoskeletal proteins. 38 Contractility in cytoskeleton is essential for stem cell myogenic differentiation. 39 It has been reported that the existence of cytoskeletal tension resulted in the differentiation of fibroblasts into myofibroblasts. 40 Through the manipulation of cell adhesion area, cytoskeleton rearrangement always stems from activation of RhoA/ROCK, which is important to detect biophysical stimuli and direct stem cell differentiation. One well-known report by McBeath revealed that the changes of RhoA/ROCK activity and cytoskeletal tension influence hMSCs lineage commitment through the control of cell shape.
14 Another report showed that the micropatterns induced changes in cell shape alter RhoA-mediated cell contractility. 41 Several critical reviews had already demonstrated surface topography would affect the reorganization of cytoskeleton and formation of cellular tension. Two more recent studies also showed RhoA/ROCK pathway is involved in topography induced actin cytoskeleton organization. 42, 43 Therefore, based on the literatures presented above demonstrating the important role of RhoA/ROCK in regulating cytoskeletal organization in general and subsequently myogenesis which coincides with our study, this specific pathway is also deemed to may be involved in our microchannel committed stem cell myogenic differentiation. To investigate that, hMSCs were treated with ROCK inhibitor (Y27632) after cells were cultured for 7 days, to check the role of RhoA/ROCK signaling in the microchannel directed myogenic differentiation of hMSCs.
To characterize the effect of Y27632 on cell morphology and microfilament formation, the cell morphology of each group was stained and observed under confocal fluorescent microscope [ Fig. 2(b) ]. Cells on the control group without exposure to ROCK inhibitor (10 lM Y27632) were mostly well spread out with randomly distributed actin fibers [as shown in Fig. 2(a) , control]. Cells on the laser micropatterned scaffolds treated with ROCK inhibitor lose their elongated cell shapes, became stellatelike cells, without clearly formed microfilaments, which is significantly different to the morphologies demonstrated in Fig. 2(a) . Despite of that, it is noted that the inhibition of ROCK induced lamellipodia outgrowth accompanied with dendritic structures [white arrowhead in Fig. 2(b) ]. From the images, more dendritic structures were found in cells cultured on scaffolds with wider microchannels (80-30-20) than those structures found FIG. 3 . RhoA and Rac1 GTPases activation in hMSCs on control PLC films and laser micropatterned PLC scaffolds measured by G-LISA. Each reaction was performed in triplicate. Student's t test, compared with unpatterned control *p < 0.05. in cells on scaffolds with narrow microchannels (20-20-20 and 30-30-20) . When investigated further, qPCR results (Fig. 4 , see quantitative data in supplementary material Table S1 ) 44 revealed that neuromarkers of MAP2, Nestin and NeuroD1 were upregulated in cells on micropatterned scaffolds with the treatment of ROCK inhibitor, when cells were normalized to the unpatterned control group without ROCK inhibition. Most of osteo-markers remained unchanged as compared to control, while myogenesis markers were even downregulated after ROCK inhibition. Immunostaining of MHC in cells on all scaffolds after drug treatment was also found to be negative as shown in Fig. 2(b) . Therefore, presence of ROCK inhibitor not only disrupted the formation of actin filament and elongated cell shape, interrupted myogenic differentiation of hMSCs, but also stimulated surface protrusions (lamellipodia). This was accompanied by upregulation of neurogenic markers especially for wider channels (80-30-20) .
It is well known that RhoA and Rac1 GTPases have antagonistic functions during many processes, like dendritic branching in neurons, 45 cell-cell contact formation, 46 epithelial morphogenesis, 47 etc. Based on the Rac1 G-LISA assay results shown above (Fig. 3) , a slight up-regulation of Rac1 activity was revealed on scaffolds with wide microchannels (80- , and a down-regulation of Rac1 activity was appeared on scaffolds with narrow microchannels (20-20-20 and 30-30-20) . Although the decrease in Rac1 activity was not significant, these results showed that RhoA and Rac1 might have opposite effect on cell functions. Similar results were reported on the promotion of myogenic differentiation through RhoA positive and Rac1 negative regulation triggered by N-cadherin. 48 Hence, the possible mechanism was that RhoA activation in cells on scaffolds with narrow microchannels (20-20-20 and 30-30-20) , initiated clustering of focal adhesion and polymerization of stress fibers, which caused increase in cellular tension, and promoted myogenic differentiation. 6, 30 On the other hand, activation of Rac1 in cells on scaffolds with wide microchannels (80-30-20) might encourage the lamellipodia formation and dendritic branching, which is in agreement with another report. 49 Therefore, these results suggested that activation of RhoA GTPase, but not Rac1, might be engaged in the microchannels induced actin cytoskeleton reorganization and subsequent myogenic lineage commitment.
IV. SUMMARY
The results presented here show that narrower microchannels are favorable for myogenic differentiation of hMSCs due to cell shape elongation. Rho GTPase molecular signaling was examined to elucidate the possible molecular mechanism behind topography of microchannels induced hMSCs myogenesis. RhoA/ROCK pathway is the key regulator for hMSCs elongation on laser micropatterned scaffolds. Inhibition of ROCK suppressed myogenesis of hMSCs, demonstrating that RhoA/ROCK signaling is involved in microchannel directed myogenesis of hMSCs. FIG. 4 . Relative gene level expression analyses of neurogenic, osteogenic and myogenic markers after 14 days of cell culture untreated and with ROCK inhibition (10 lM Y27632) are illustrated in the form of heat map. The unpatterned PLC substrate without addition of inhibitor was used as control.
